INTRODUCTION
Sickle cell disease (SCD) is the most prevalent monogenic blood disorder, affecting 100,000 people in the United States and millions worldwide.
1,2 SCD is caused by a point mutation in the b-globin gene that leads to hemoglobin polymerization and sickling of red blood cells under conditions of low oxygen tension. Sickled red blood cells lead to a number of vascular complications, such as pain crises, stroke, and organ damage, which ultimately result in significant morbidity and early mortality. 3 Currently available medical treatments for SCD are aimed at managing disease burden, but the only curative option is allogeneic hematopoietic stem cell (HSC) transplantation. However, allogeneic HSC transplantation is unavailable to most patients because of the lack of an immunologically matched donor. In recent years, autologous HSC transplant with gene therapy has emerged as a promising alternative that allows patients to serve as their own HSC donor. In this approach, hematopoietic stem and progenitor cells (HSPCs) are collected from a patient, modified ex vivo using lentiviral vectors (LVs) to express an anti-sickling globin transgene, and transplanted back into the patient to engraft the bone marrow (BM) and provide a durable source of healthy, non-sickled red blood cells.
Many successful gene therapies for other genetic blood disorders have used relatively simple LVs with small genomes to drive high levels of a transgene product from a constitutively active, strong promoter. 4 In contrast, current LV candidates for SCD are more complex and utilize large elements of the endogenous b-globin locus control region (LCR) to drive erythroid-specific expression of anti-sickling globin transgenes in mature erythrocytes. 5, 6 The large size and complex nature of these LVs has led to a number of hurdles for clinical translation. Globin LVs exhibit poor titers and require large production volumes of the guanosine monophosphate (GMP)-grade LV, which is both expensive and technically challenging to produce, to treat a single patient. Additionally, gene transfer of globin LVs to primitive HSCs has been poor, often failing to achieve sufficiently high vector copy numbers and transgene expression to correct the disease. 7 Thus, new methods to improve transduction efficiency of HSCs are critical to the future success of gene therapy for SCD, using these vectors.
Recently, Heffner et al. 8 performed a small-molecule screen to identify compounds that enhance LV transduction of HSPCs and identified prostaglandin E2 (PGE2) as a leading candidate. They further showed that PGE2 can increase vector copy numbers (VCNs) of short-term CD34 + hematopoietic progenitor cells by $2-fold with a simple GFP LV; however, the VCN increase achieved in long-term HSCs (LT-HSCs) from NOD-scid IL2Rg null (NSG) xenografts was more modest (1.5-fold).
Additionally, Hauber et al. 9 reported that a combination of poloxamer synperonic F108 and polybrene (commercially available as LentiBoost) enhanced transduction of short-term CD34 + hematopoietic progenitor cells by $2.5-fold with a simple GFP LV. Transduction enhancement of LT-HSCs with LentiBoost in NSG xenografts was not explored.
Here, using a clinical preparation of a globin LV (Lenti/G-AS3-FB), we found that the combination of PGE2 and poloxamer synperonic F108 markedly enhanced gene transfer ($10-fold) in CD34 + HSPCs. These effects were reproducible among CD34 + HSPCs from multiple donors mobilized by either granulocyte colony-stimulating factor (G-CSF) or plerixafor. Importantly, transduction enhancement ($6-fold) was evident in NSG xenografts in vivo, indicating that these compounds effectively target primitive CD34 + cells capable of 15-week engraftment. Collectively, these results suggest that the addition of transduction enhancers to current gene therapy trials for SCD may overcome the limiting obstacles and achieve sufficiently high VCNs for clinical benefit.
RESULTS

PGE2 and Poloxamer Synperonic F108 Increase Gene Transfer of a Globin LV in CD34 + HSPCs
We first explored the use of PGE2 and poloxamer synperonic F108 to enhance transduction of G-CSF mobilized peripheral blood (mPB) CD34 + HSPC with a clinical preparation of Lenti/G-AS3-FB (Figure 1A ). Similar to previously reported work using simple GFP LVs, 8, 9 we found that both PGE2 and poloxamer synperonic F108 used alone enhanced transduction with a complex globin LV. Strikingly, the combination of the two compounds showed synergistic effects, enhancing LV transduction $10-fold ( Figure 1B ). We further explored the combination with the commonly used transduction enhancers protamine sulfate and polybrene. The addition of protamine sulfate did not further enhance transduction ( Figure 1C) , whereas the addition of polybrene showed a dose-dependent increase in VCN ( Figure 1D ). However, the addition of polybrene also exhibited a dose-dependent toxicity ( Figure S1 ). We additionally compared the transduction-enhancing effects of PGE2 to the more stable PGE2 analog 16,16-dimethyl-PGE2 (dmPGE2) which has been used clinically 10 and is available in GMP formulations. Here, we found the two compounds to be interchangeable in their effects on transduction ( Figure 1E ). Based on current clinical protocols for expanding cord blood units, which use a 2-h pulse exposure of PGE2 to promote HSC engraftment, 10 we evaluated the transduction enhancement effects of 2-h PGE2 pulse exposure prior to addition of the LV. Here, we observed that a 2-h PGE2 pulse exposure modestly enhanced transduction, but greater transduction enhancement was achieved with a 24-h PGE2 exposure ( Figure 1F ). Figures 2C and 2D ).
VCN analysis of bulk myeloid cultures 12 days after transduction revealed a consistent $10-fold increase in VCN, even at an LV dose of 2 Â 10 6 TU/mL (10-fold lower than the current clinical protocol dose) ( Figure 3A) . In order to determine if the increased gene transfer in bulk cultures reflected increased integration to a small number of cells or an increase in the percentage of transduced cells, the VCN was determined for individual colony-forming units (CFUs) from methylcellulose cultures. Both myeloid and erythroid colonies transduced in the presence of transduction enhancers showed a dramatic increase in the percentage of transduced cells ( Figure 3B ) and in the average VCN in transduced cells ( Figures 3C and 3D ).
Although G-CSF mobilization represents the standard collection regimen for isolating HSCs from healthy adult donors, the use of G-CSF is contraindicated in patients with SCD because of its potential to induce a sickle cell crisis. 11 Recently, it has been demonstrated that plerixafor can achieve safe and successful mobilization of patients with SCD and produces higher CD34 + cell doses than those that can historically be achieved using traditional BM aspiration. 12 As plerixafor-mobilized CD34 + will likely be the preferred source of HSPCs for SCD gene therapy, we confirmed that transduction enhancers show similar efficacy in this cell type. Transduction of three different cell lots of plerixafor-mobilized CD34 + cells with Lenti/ G-AS3-FB in the presence of dmPGE2 and poloxamer synperonic F108 achieved a high VCN and percentage of PCR + colonies (Figure S2) . Furthermore, erythroid differentiation of transduced cells showed enhanced expression of the LV transgene RNA (bAS3 globin) ( Figure S3 ), confirming that transduction enhancers facilitate increased net transgene expression in the population of modified cells.
Transduction Enhancers Facilitate Improved Gene Transfer in HSCs Capable of Long-Term Engraftment in NSG Mice
We next evaluated the effect of PGE2/poloxamer synperonic F108 treatment on in vivo hematopoiesis, using NSG xenografts. G-CSFmobilized CD34 + HSPCs from three independent donor cell lots were transduced with Lenti/G-AS3-FB at 2 Â 10 6 TU/mL in the presence of no culture additives, vehicle controls (0.1% DMSO and 1% H 2 O), or PGE2/poloxamer synperonic F108 and injected into sublethally irradiated NSG mice. At 6 weeks after the transplant, PB engraftment analyses revealed no differences among the arms, suggesting that transduction enhancers do not impair early hematopoiesis from engrafting progenitor cells ( Figure 4A ). Similarly, no differences among groups were observed for longer term (15 week) BM engraftment ( Figure 4B ) and lineage distribution of engrafted cells ( Figures 4C and S4 ), suggesting no adverse effects of transduction enhancers on HSPC function. In vitro copy number analysis of transplanted cells (analyzed by shortterm myeloid culture) revealed a typical $10-fold increase in VCN in cells treated with PGE2/poloxamer synperonic F108 (Figure 4D) . In vivo, engrafted hCD45 + transduced in the presence of transduction enhancers showed a $6-fold increase in VCN, confirming that PGE2/poloxamer synperonic F108 enhances transduc- tion of a primitive HSC population capable of longer-term NSG engraftment ( Figure 4E ).
DISCUSSION
While gene therapy for SCD has made remarkable progress, poor gene transfer of globin LV remains an important hurdle for successful clinical translation. A number of transduction enhancers have been reported to improve LV transduction of HSPCs, including Vectofusin-1, 13 rapamycin, 14 cyclosporine A, 15 UM171, 16 staurosporine, 17 and cyclosporine H. 18 In our hands, many transduction-enhancing compounds that show promising results using simple GFP LVs have had minimal results in transduction enhancement of globin LVs. This may highlight the relative difficulty of using globin LVs, compared with simple GFP LVs; transduction of HSPCs with globin LVs often saturates at low VCNs and does not increase at higher LV doses. Limits in the transduction efficiency of globin LV may be due to their large size 19 or complex design. Notably, our experiments here have shown that the combination of PGE2 and poloxamer synperonic F108 markedly enhances HSPC transduction with globin LVs to levels which we anticipate to be clinically efficacious.
Although the magnitude of transduction enhancement that we observed with each PGE2 and poloxamer synperonic F108 alone was consistent with prior reports, 8, 9 we observed an additive and potentially synergistic transduction enhancement of these compounds when used in combination. It is possible that each compound may enhance viral transduction at different steps of the viral life cycle. Poloxamers are amphiphilic polymers that have been shown to fluidize membranes, 20 increase lipid exchange, and enhance transmembrane transport. 21, 22 Thus, a possible mechanism of action may involve enhancing the interaction between viral particles and the host cell membrane.
When transducing HSPCs with PGE2, Zonari et al. 23 detected a marked increase in late RT copies within 6 h after transduction, suggesting that PGE2 mediates transduction enhancement prior to nuclear entry and integration. Additional experiments by Zonari et al. suggested that PGE2 does not work through cyclophilin A-mediated uncoating, but it does affect endocytosis, as no improvement in VCN is seen with non-endocytosis-dependent envelopes. Additionally, Heffner et al. 8 found no effect of PGE2 on viral fusion, using a VPR-beta-lactamase assay, which implies that the enhancement occurs after fusion but during the endocytosis phase of viral transduction. Future work to elucidate the mechanisms of these compounds may further aid in improving LV transduction methods.
Unexpectedly, CD34 + cells transduced with PGE2/poloxamer synperonic F108 showed a dose-dependent decrease in VCN when increasing LV dose. This is in contrast to the modest dose-dependent increase in VCN observed in the absence of transduction enhancers. One possibility that could explain this finding is that high LV doses of 2 Â 10 7 TU/mL in the presence of PGE2/poloxamer synperonic F108 increases transduction to a toxic level, with highly transduced cells being selectively eliminated. Although we cannot rule out this possibility, we note that high VCN colonies were still detectable at the lower (2 Â 10 6 TU/mL) LV dose and that no clear relationship was observed with cell counts, viability, or clonogenic potential and LV dose. An additional speculative possibility is that there is an optimal ratio for poloxamer molecules and LV particles, where high levels of LV particles may become detrimental to transduction. Although this mechanism remains to be explored, investigators using this combination of compounds may need to titrate individual LV dose. Importantly, using a lower LV dose to achieve higher VCN may be highly advantageous for clinical gene therapy, because of the vast expense and time required to produce and validate each lot of GMP-grade LV.
Interestingly, we observed marked enhancement of HSPC transduction in vitro, but this effect was somewhat diminished in NSG xenografts. This is consistent with results observed by Heffner et al., 8 using PGE2 alone, and suggests that PGE2/poloxamer synperonic F108 may preferentially enhance transduction of short-term progenitor cells with more modest effects in the LT-HSC compartment. Nonetheless, we predict that if a 6-fold increase in gene transfer to primitive HSCs could be achieved in a clinical setting, it would be sufficient to achieve a therapeutic transgene expression level.
An important consideration surrounding this work is defining a benchmark for a drug product (DP) VCN in vitro, which may be clinically efficacious after transplant. The first promising case of SCD gene therapy was reported in the HGB-205 trial with LentiGlobin BB305. 24 A 12-year-old patient, who had been on prophylactic redcell transfusions for 4 years prior to treatment, received a CD34 + cell product with an average VCN of 1.1. After 15 months of follow-up, the patient showed stable gene marking in the PB (VCN $2) and expressed therapeutic anti-sickling globin in 48% of all globin tetramers. Clinical outcomes and analysis of SCD-related biologic parameters indicated stable correction of the disease, suggesting that SCD gene therapy can be successful when high VCN and transgene expression are achieved.
In contrast, subsequent SCD patients treated in the HGB-206 study showed less efficacious results; PB levels of the LentiGlobin BB305 vector were low (median = 0.08; range, 0.05-0.13) in all treated subjects, with no evidence of clinical benefit. 7 Similarly, a cohort of patients with beta thalassemia treated with LentiGlobin BB305 in the HGB-204 study showed low PB VCN (median = 0.3; range, 0.1-0.9). 25 In both of these studies, the in vitro drug product VCN measured prior to transplant was much higher (HGB-205: median = 0.6; range, 0.3-1.3; HGB-204: median = 0.7; range, 0.3-1.5), representing a 2-to 8-fold drop-off after transplant.
The observed drop between the measured drug product VCN in vitro and the post-engraftment PB VCN in vivo is likely multifactorial. One reason for this observed effect is the limitation of in vitro assays, which predominantly measure gene transfer to short-term erythroid or myeloid progenitor cells. As progenitor cells are more easily transduced than LT-HSCs, these assays often overestimate the true in vivo VCN determined by the level of gene transfer into LT-HSCs. This effect is well understood in the field and can be observed here in our NSG xenograft experiments. Therefore, although an ideal target for in vivo VCN may be around 2 copies/cell, using in vitro assays to predict a target drug product VCN for an individual patient may be challenging in practice.
An additional factor that may affect the observed drop between in vitro and in vivo VCN (in a clinical transplant setting) is the competition between non-modified endogenous HSCs and modified transplanted HSCs. Thus, the number of gene-modified cells retained in vivo can be highly dependent on the quality of the graft and the effectiveness of the conditioning regimen. The problem of low-quality HSCs may be of particular importance in SCD because of the suboptimal CD34 + cell number obtained from BM collection and reduced quality of HSCs obtained from an inflammatory BM environment. 26 Transfusion lead-in and plerixafor mobilization protocols have been explored to improve the quality and quantity of CD34 + HSPCs collected 12, 27 and monitoring of plasma busulfan concentrations with dose adjustments has been explored to optimize myeloablation.
transduction have reported both enhanced drug product VCNs (median = 4.0; range, 2.8 -5.6) and early in vivo PB VCNs (range 1.4-2.9).
27
Although we can only cautiously compare the reported in vitro drug product VCNs from the HGB-206 study to our own experiments (because of differences in LV construct, GMP manufacturing process, and protocols for measuring in vitro VCNs), our transduction protocol using PGE2/poloxamer synperonic F108 in plerixafor-mobilized CD34 + donors yielded an in vitro drug product VCN of 2.5-6.8. Therefore, we anticipate that a historic 2-fold decrease in VCN after transplant would still maintain in vivo VCNs in a therapeutically efficacious range. As more patients are treated, we anticipate that we can better characterize the correlation between in vitro and in vivo VCNs and may be able to further refine targets for the in vitro VCN prior to transplant.
In summary, the use of PGE2/poloxamer synperonic F108 as transduction enhancers provides a promising strategy to overcome current limitations in gene therapy for SCD and may further support the clinical translation of novel LV-based HSPC gene therapies for genetic blood cell disorders of different origins.
MATERIALS AND METHODS
Transduction Enhancers
Poloxamer synperonic F108 (Kolliphor P338; BASF, Ludwigshafen, Germany) was prepared in a stock solution of 100 mg/mL by dissolving it in sterile water overnight and filtering it through a 0.22 mm filter. The poloxamer synperonic F108 stock solution was stored at 4 C. PGE2 and dmPGE2 (Cayman Chemicals, Ann Arbor, MI, USA) were dissolved separately in DMSO to make 10 mM stock solutions and stored as single-use aliquots at À80 C.
Lentiviral Transduction
CD34
+ cells from healthy donors mobilized with G-CSF or plerixafor were purchased from Hemacare (Van Nuys, CA, USA) or StemExpress (Folsom, CA, USA). The cells were plated at a density of 5 Â 10 5 -1 Â 10 6 cells/mL in X-Vivo-15 (Lonza, Basel, Switzerland) with 1 Â L-glutamine-penicillin-streptomycin (L-Glut-Pen-Strep), Gemini BioProducts, West Sacramento, CA, USA), 50 ng/mL SCF, 50 ng/mL TPO, and 50 ng/mL Flt3L (PeproTech, Rocky Hill, NJ, USA) and cultured in 5% CO 2 , 37 C, and a humidified atmosphere throughout. Twenty-four hours after cytokine pre-stimulation, the cells were transduced by adding Lenti/G-AS3-FB (Lentigen, Gaithersburg, MD, USA) and transduction enhancers or vehicle control directly to the cells. Twenty-four hours after transduction, the cells were collected, washed, and used for the downstream applications described below. C, 5% CO 2 . Cells were split every 2-3 days and supplemented with fresh BBMM plus cytokines. After 12 days of culture, the cells were collected, and genomic DNA was extracted, using the Purelink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA).
In Vitro Erythroid Differentiation
Transduced CD34 + cells were transferred into erythroid culture. The in vitro erythroid differentiation technique used is based on a 3-phase protocol adapted from Giarratana et al. 28 The basic erythroid medium was IMDM (Life Technologies), 1 Â LGlut-Pen-Strep, 10% BSA, 40 mg/mL inositol, 10 mg/mL folic acid, 1.6 mM monothioglycerol, 120 mg/mL transferrin, and 10 mg/mL insulin (all from Sigma-Aldrich, St. Louis, MO, USA). During the first phase (6 days), the cells were cultured in the presence of 1 Â 10 À6 M hydrocortisone (Sigma-Aldrich), 100 ng/mL hSCF, 5 ng/mL hIL-3 (Peprotech), and 3 IU/mL erythropoietin (Epo; Janssen Pharmaceuticals). In the second phase (3 days), the cells were transferred onto a stromal cell layer (MS-5, murine stromal cell line, 29 provided by Gay Crooks, UCLA, Los Angeles, CA, USA) with the addition of only Epo (3 IU/mL) to basic erythroid medium. At day 11, all the cytokines were removed from the medium, and the cells were co-cultured on the MS-5 stromal layer until day 14, when they were collected to extract genomic DNA and RNA.
Colony-Forming Unit Assay
Colony-forming unit (CFU) assays were performed using Methocult H4435 Enriched methylcellulose (Cat. no. 04445; StemCell Technologies, Vancouver, BC, Canada) according to the manufacturer's instructions, with minor modifications. Briefly, 25, 50, and 100 transduced CD34 + cells were plated in duplicate into 35 mm gridded cell culture dishes. After 14 days of culture in 5% CO 2 , 37 C, and a humidified atmosphere, the different types of hematopoietic colonies were identified and counted. CFUs were then plucked for genomic DNA isolation (NucleoSpin Tissue XS; Clontech Laboratories, Mountain View, CA, USA).
VCN Determination
For VCN determination, the Psi region of the LV genome assay was duplexed with the SDC4 endogenous reference gene. The Psi assay sequences were as follows: Biolabs, Ipswich, MA, USA) and 30-100 mg of the genomic DNA to study, were prepared and incubated at 37 C for 1 h. Droplet generation was performed as described in Hindson et al. 30 with 20 mL of each reaction mixture. The droplet emulsion was then transferred with a multichannel pipet to a 96-well propylene plate (Eppendorf, Hamburg, Germany), heat sealed with foil, and amplified in a conventional thermal cycler (T100; Bio-Rad). Thermal cycling conditions consisted of 95 C for 10 min, (94 C for 30 s and 60 C for 1 min; 55 cycles), 98 C for 10 min (1 cycle), and a 12 C hold. After PCR, the 96-well plate was transferred to a droplet reader (Bio-Rad). Acquisition and analysis of the ddPCR data were performed with the QuantaSoft software (Bio-Rad) provided with the droplet reader.
Determination of %bAS3-Globin mRNA by ddPCR RT-PCR to detect %bAS3-globin mRNA/total b-globin transcript (% AS3) was performed as described in Urbinati et al. 31 Isolation of RNA was done using the RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany), followed by reverse transcription, as described in the Invitrogen protocol (final concentration: 10 U/mL Moloney murine leukemia virus RT (M-MLV RT), 500 mmol/L deoxyribonucleotide triphosphates (dNTPs), 150 ng/mL random primers, 2 U/mL RNase OUT, 10 mmol/L DTT, and 1 Â First-Strand buffer). Two TaqMan hydrolysis probes were used to obtain the ratio of (1) 
NSG Transplants
All animals involved in experiments were cared for and handled in accordance with protocols approved by the UCLA Animal Research Committee under the Division of Laboratory Medicine. Six-to twelve-week-old NSG mice were sub-lethally irradiated using a Cs-137 source at 250 Rad with a dose rate of approximately 100 Rad/min. Twenty-four hours after irradiation, 1 Â 10 6 mPB CD34 + cells (transduced in the presence of dmPGE2/Poloxamer synperonic F108 or vehicle control) were transplanted via retro-orbital injection. Female mice were used in all NSG xenograft experiments, to avoid sex-based variations in engraftment.
Analysis of NSG Xenografts for Engraftment and VCN
PB was collected from transplanted mice via retro-orbital puncture at 6 weeks. After euthanasia at 15 weeks, BM was isolated by crushing femurs and tibias with a mortar and pestle. PB and BM engraftment (expressed as the percentage of hCD45 + cells of total CD45 + [hCD45 + mCD45 + ]) were determined by staining for mCD45-PE (30-F11), hCD45-APC (HI30), and DAPI. For VCN and lineage distribution analysis, hCD45 + cells were enriched from BM using a beadbased selection kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Human CD45-enriched cells were stained with Ghost 780 (viability dye; Tonbo Biosciences, San Diego, CA, USA) and the following antibodies: hCD45-FITC (HI30), mCD45-PE (30F11), hCD3-PerCp-Cy5.5 (UCHT1), hCD33-BV421 (WM53), hCD34-APC (581), and hCD19-PE-Cy7 (SJ25C1). All antibodies were purchased from BD Biosciences (San Jose, CA, USA). Genomic DNA was extracted from hCD45-enriched cells using the Purelink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA) and analyzed for VCN as described above.
Statistical Analysis
Values are represented as the mean ± SD, unless stated otherwise. GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses. Statistical details of each experiment can be found in the figure legends, including the mean and error bars, numbers of replicates, statistical tests, and p values from comparative analyses that were performed. The p value was calculated with a confidence interval of 95% to indicate the statistical significance between groups. A p value < 0.05 was considered statistically significant.
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